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Summary
The regeneration of the skin and its appendages is
thought to occur by the regulated activation of a dedi-
cated stem cell population. A population of cells in the
bulge region of the hair follicle has been identified as
the putative stem cell of both the follicle and the inter-
follicular epidermis. While this assertion is supported
by a variety of surrogate assays, there has been no di-
rect confirmation of the normal contribution of these
cells to the regeneration of structures other than the
cycling portion of the hair follicle. Here, we report lin-
eage analysis revealing that the follicular epithelium
is derived from cells in the epidermal placode that
express Sonic hedgehog. This analysis also demon-
strates that the stem cells resident in the follicular
bulge that regenerate the follicle are neither the stem
cells of the epidermis nor the source of the stem cells
of the epidermis in the absence of trauma.
Introduction
Hair follicles are formed in three waves occurring at E14,
E16, and at E19 to shortly after birth. A thickening of the
epidermis to form a placode is followed by the aggrega-
tion of dermal cells beneath it to form a dermal conden-
sation. The epidermal placode then grows downward
into the dermis to form the hair peg. The dermal conden-
sation is engulfed by the growing epithelial component
of the follicle to form the dermal papilla, and the cells
surrounding this papilla become the hair matrix, com-
prised of progenitors of the concentrically arranged
layers of the hair shaft and inner root sheath (Figure 1).
One or more sebaceous glands form near the top of the
hair follicle to generate the mature pilosebaceous unit
(Paus et al., 1999). During the anagen or growth phase
of the hair cycle, the hair shaft is actively elaborated
by the matrix cells. The growth of the hair is then inter-
rupted, and the lower two-thirds of the epithelial follicle
degenerate during the catagen phase. The dermal pa-
pilla is drawn upward to lie adjacent to the permanent
portion of the epithelial follicle during a resting or telo-
gen phase (Figure 1) before the lower follicle is regener-
ated by the activation of a stem cell population residing
*Correspondence: bruce.morgan@cbrc2.mgh.harvard.eduin the ‘‘bulge region,’’ a segment of the outer root sheath
adjacent to the site of attachment of the arrector pili
muscle (Cotsarelis et al., 1990). The fact that this popu-
lation of cells in the bulge region was comparatively qui-
escent allowed for the use of pulse-chase experiments
to identify this ‘‘label-retaining’’ population as the stem
cells of the follicle and to characterize their behavior
(Blanpain et al., 2004; Cotsarelis et al., 1990; Morris
and Potten, 1999; Tumbar et al., 2004).
While the evidence that these bulge cells give rise to
the regenerating follicle is unequivocal, it has also been
postulated that these cells give rise to the interfollicular
epidermis as well (Blanpain et al., 2004; Christiano,
2004; Morris et al., 2004; Taylor et al., 2000). The failure
to detect label-retaining cells in the epidermis was taken
as circumstantial support for this model (Cotsarelis et al.,
1990; Morris and Potten, 1999; Taylor et al., 2000; Tum-
bar et al., 2004). Evidence that the bulge stem cells, or
their progeny, could be mobilized in vivo to regenerate
an epidermis by the traumatic removal of the existing
epidermis has accumulated (Argyris, 1977; Taylor et al.,
2000; Tumbar et al., 2004). This multipotency of the
bulge stem cells or their derivatives was also demon-
strated after isolation or experimental manipulation in
a number of assays (Blanpain et al., 2004; Morris et al.,
2004; Oshima et al., 2001; Turksen, 2004). While all of
these observations were consistent with the hypothesis
that bulge stem cells are the multipotent progenitors of
all of the epithelial components of the skin and appen-
dages, it has proven difficult to demonstrate that the
stem cells of the follicular bulge contribute to the epider-
mis in the absence of trauma. The experiments provid-
ing the strongest support for this model demonstrate
that cells derived from the follicular bulge can be found
in the infundibulum, and that cells derived from the in-
fundibulum can be found in the epidermis, but they did
not directly document the contribution of bulge cells to
the epidermis (Taylor et al., 2000).
Alternative approaches have demonstrated the exis-
tence of a long-lived progenitor population in the epider-
mis and have suggested the existence of a resident epi-
dermal stem cell (Ghazizadeh and Taichman, 2001).
However, these approaches could not discern whether
these cells are normally derived from the stem cells of
the bulge or are an independent population. Thus, while
some have postulated the existence of distinct stem
cells for the hair follicle and epidermis, this debate re-
mains to be resolved (Braun et al., 2003; Braun and Watt,
2004; Gambardella and Barrandon, 2003; Ghazizadeh
and Taichman, 2001; Watt, 2001). To address this issue,
we exploited the properties of the Sonic hedgehog (Shh)
gene to perform lineage analysis in undisturbed skin.
Results
The Follicular Epithelium Is Derived from the
Keratinocytes of the Epidermal Placode
Shh is expressed in the epidermal placode of the hair fol-
licle as it becomes morphologically distinguishable from
the surrounding epidermis (Figure 2A) (Bitgood and
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earliest stages, Shh is preferentially expressed in a sub-
set of cells near the center of the placode (Figure 2A). As
the hair peg penetrates the dermis, Shh is expressed
in the lowest layer of cells in contact with the dermal
papilla, and it is not detected in the more superficial
Figure 1. Structure of the Hair Follicle
The structure of the pilosebaceous unit, comprised of the hair follicle
and sebaceous gland, is shown during the anagen (left) and telogen
(right) phases of the hair cycle with structures referred to in the text
labeled. Note that the niche of the follicular stem cells is a restricted
region of the permanent portion of the hair follicle (structures above
the black, dotted line) adjacent to the attachment site of the arrector
pili muscle. Because this is difficult to identify unambiguously, we
use the broader definition of the follicular epithelium of the telogen
follicle between the mouth of the sebaceous gland and the second-
ary germ that encompasses the niche of the stem cells of the bulge.
Structures below the red, dotted line comprise the ‘‘definitive folli-
cle’’ defined empirically in this work. The sebaceous gland and in-
fundibulum lie outside the ‘‘definitive follicle.’’layers (Figure 2B). This pattern is maintained as the hair
peg develops, and Shh expression is subsequently re-
stricted to a small patch of cells in the matrix of the
hair bulb in the anagen follicle (St-Jacques et al., 1998).
Shh expression is not observed in the hair follicle during
the late catagen or telogen phases. At the onset of a new
anagen phase, Shh is expressed in the cells of the hair
germ in contact with the dermal papilla. As the follicle re-
generates, expression becomes restricted to a subset of
the matrix cells in the mature anagen follicle (Oro and
Higgins, 2003). Subsequent to the initial formation of the
follicle, Shh expression is restricted to the cycling por-
tion of the follicle and is not observed in the permanent
follicle. At all stages of development analyzed, Shh ex-
pression in the skin was restricted to the hair follicles.
A mouse expressing a GFPcre fusion under the con-
trol of the Shh regulatory sequences was employed to
determine which parts of the follicle were derived from
the Shh-expressing cells (Harfe et al., 2004). When
crossed to theR26R reporter strain (Soriano, 1999), cells
that express GFPcre (and Shh) excise a transcriptional
termination cassette and activate the expression of the
b-galactosidase gene. Both the Shh-expressing cells
and their descendents will express b-galactosidase
(Harfe et al., 2004). Although Shh is required for hair fol-
licle development, no defects in the hair coat of Shh het-
erozygotes have been observed. Examination of GFP
expression confirmed that the GFPcre fusion protein is
expressed in the developing hair follicles in a pattern
similar to that of Shh (Figure 2C). Histochemical detec-
tion of b-galactosidase activity revealed that the cells of
the hair peg are derived from cells that expressed Shh,
while interfollicular epidermis is unlabeled at this stage
(Figures 2D and 2E). Although Shh expression is re-
stricted to the tip of the hair peg at this stage (Figure 2B),
all of the cells of the hair peg express b-galactosidase in
many follicles, while their immediate neighbors in the epi-
dermis do not. This observation demonstrates that follic-
ular fate is established at the early placode stage, and
that subsequent growth of the hair follicle is achieved pri-
marily by proliferation of the cells from the hair placodeFigure 2. Shh Expression in Embryonic Skin
Allows for Lineage Analysis of the Follicle
with ShhGFPcre
(A and B) In situ hybridization reveals the ex-
pression of Shh (purple) during follicle devel-
opment. The border between epithelium and
dermis is marked by a dotted, red line. (A)
At stage 1 (hair germ), the follicular placode
cells express Shh. (B) At stage 3 (hair peg),
Shh expression is localized to the cells at the
base of the hair peg in contact with the der-
mal papilla.
(C) GFP fluorescence reveals the expression
of the GFPcre fusion protein in the epidermal
placodes of skin from a ShhGFPcre embryo.
(D and E) Detection of b-galactosidase activ-
ity (blue) in skin from a ShhGFPcre embryo.
(D) Although Shh expression is restricted to
cells at the base of the hair peg at this stage
(see [B]), all cells of the hair peg are stained
blue to reveal that the cells of the upper folli-
cle are derived from cells that once expressed Shh. The interplacodal epidermis is not labeled. Immunohistochemical detection of keratin 14
(brown) identifies the basal epidermis and follicular epithelium. (E) Whole-mount view of an E15.5 embryo reveals labeling of both primary
and incipient secondary follicles (faint dots in inset), while interfollicular skin is unlabeled.
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857Figure 3. The Epithelium of the Mature Hair
Follicle Is Derived from Cells that Expressed
Shh
(A–C) At p18, hair follicles in ShhGFPcre;
R26R skin have entered the resting phase at
the end of the first hair cycle. (A) Whole-
mount and (B and C) section views reveal
that the follicles are labeled (blue), while inter-
follicular skin is not. Immunohistochemical
detection of keratin 14 (brown) identified the
basal layer of the epidermis and outer root
sheath of the hair follicle. (B) The only blue
cells in the epidermis (asterisk) are in the
suprabasal layers and are associated with the
mouth of a follicle in another plane observed
below in glancing section (arrowhead). (C) A
higher-magnification view demonstrates that
the entire region below the mouth of the se-
baceous gland, including any more restrictive
definition of the follicular bulge (bracket), is
labeled. An arrowhead indicates unlabeled
cells in the upper follicle.
(D) In the absence of cre, R26R skin remains
unlabeled.
(E) Detection of b-galactosidase in K14cre;
R26R skin, in which cre is expressed through-
out the basal layer and ORS, confirms the
ability to detect the expression of this re-
porter in interfollicular epidermis.rather than recruitment of surrounding epidermal cells.
Analysis of skin from neonates, in which all three waves
of follicles are present, confirms that this observation
holds for all follicle types (data not shown).
Stem Cells of the Follicular Bulge Are Derived from
the Follicular Epithelium
This pattern of labeling provided the opportunity to di-
rectly test the theory that the cells of the follicular bulge
are the stem cells of the epidermis as well. For the pur-
poses of this analysis, the central question is whether
the bulge stem cells are labeled by this approach, and,
if so, whether they contribute to the epidermis in undis-
turbed skin. Although there is extensive overlap in the
populations identified as the putative follicular stem cells
by different methods, there is nevertheless some dis-
agreement as to the exact number and position of these
cells (Blanpain et al., 2004; Liu et al., 2003; Morris and
Potten, 1999; Taylor et al., 2000; Tumbar et al., 2004).
Therefore, in the subsequent text, we operationally de-
fine the bulge as the region between the duct of the se-
baceous gland and the secondary hair germ in the telo-
gen follicle. While this definition is not exclusive to cells
normally thought of as the stem cell population, it is
clearly inclusive of those cells as defined by different
methods (Blanpain et al., 2004; Liu et al., 2003; Morris
and Potten, 1999; Taylor et al., 2000; Tumbar et al.,
2004). The advantage of this approach lies in the inclu-
sive nature of the analysis. Although specific labeling
of any putative stem cell population would allow exclu-
sion of those cells as epidermal stem cells, such experi-
ments do not exclude the possibility that an unlabeled
population in the same region are the true multipotent
stem cells. This analysis makes no assumptions aboutthe identity of the stem cell, other than that it resides
in this inclusively defined bulge region.
The precise stage at which the bulge cells acquire
stem cell identity is not clear, but it occurs prior to the
end of the first hair cycle. When tissue sections of skin
at the telogen stage at the end of the first hair cycle are
examined, the bulge regions of most follicles in a section
(80%) are completely labeled (Figures 3A, 3B, and 3C;
see Table S1 in the Supplemental Data available with
this article online). In the remaining follicles, most cells
are labeled, but occasional unlabeled cells, some of
which are identified as keratinocytes by immunohisto-
chemical detection of keratin 14, are observed. For more
detailed analysis, serial sections through entire follicles
were scored. In this analysis, all of the keratinocytes
in the bulge region were labeled in 70% of the follicles
(Table S1). K14cre;R26R skin was analyzed to evaluate
the significance of the unlabeled cells observed in the
remaining follicles. K14cre is continually expressed in
the keratinocytes of the basal epidermis and outer root
sheath of the hair follicle. Any unlabeled epidermal or
follicular epithelial cells in these samples should there-
fore represent failure to express the reporter, aberrant
cre-mediated excision events, or failure to detect b-
galactosidase expressed in these cells. In these sam-
ples, the vast majority of the keratinocytes in the basal
epidermis and hair follicles were labeled (Table S1). Oc-
casional patches in which both hair follicles and epider-
mis were unlabeled were taken as failure of the detection
process and were not scored. Within the bulge region,
essentially all follicles examined were completely la-
beled at p18. Thus, unlabeled follicular keratinocytes in
ShhGFPcre;R26R skin at p18 likely reflect cells that
have not activated the reporter. All labeled cells in this
analysis can be attributed to ShhGFPcre activity. In
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occasionally detected near the mouth of the sebaceous
gland, but other follicular epithelium and epidermis were
negative. From these data, we can conclude that the
stem cells of the follicular bulge are effectively labeled
in a significant fraction of the follicles at the end of the
first hair cycle. For the remaining follicles, the 1–6 unla-
beled cells observed in the bulge region could be part
of the stem cell pool. However, the number of the unla-
beled cells per follicle is less than most estimates of stem
cell number per follicle, further suggesting that the ma-
jority of the stem cells within these follicles are labeled
as well.
In contrast to the follicle, the progenitors of the inter-
follicular epidermis that reside in the basal layer are un-
labeled, as is most of the epidermis in ShhGFPcre;R26R
mice. Some labeled suprabasal epidermal cells are ob-
served, but these are contiguous with the mouth of the
follicle. They are derived from the infundibulum of the
hair follicle and have been described as the ‘‘associated
epidermal extension’’ in previous work (Ghazizadeh and
Taichman, 2001). In skin from k14cre;R26R mice at this
stage in development, b-galactosidase can be detected
under these conditions in over 97% of the basal epider-
mal cells (Figure 3E and Table S1). This confirms that the
absence of label in the epidermis of ShhGFPcre;R26R
skin is not a result of any failure to detect b-galactosi-
dase activity in these cells. At this stage in development,
the epidermis is composed of cells that did not express
Shh during ontogeny, and it has not received significant
contribution from the follicular epithelium.
The mature structure of the pilosebaceous unit, in-
cluding the sebaceous gland and infundibulum, arises
after birth. During this process, the ‘‘definitive follicle,’’
here defined by lineage analysis as the components
of the follicle below the duct of the sebaceous gland,
recruits few, if any, additional keratinocytes from the
epidermis to generate the hair follicle. In the uppermost
region of the follicle, which will give rise to the infundib-
ulum and sebaceous gland, groups of unlabeled cells
were observed in some follicles. While the majority of
sebaceous glands are derived completely from Shh-
expressing cells, the infundibulum is more commonly
composed of a mixture of descendents of Shh express-
ers and cells that have not expressed Shh at sufficient
levels or for sufficient periods to allow for activation of
the reporter by GFPcre (Table S2).
Stem Cells of the Follicular Bulge Do Not Contribute
to the Epidermis in the Absence of Trauma
If the follicular bulge cells were the stem cells of the epi-
dermis, it would be expected that the skin of aged adult
mice would be labeled as the epidermis was replaced
over time with the descendents of follicular bulge cells
that had excised the floxed termination sequences in
the R26R locus during embryogenesis. Shh, and thus
cre recombinase in these mice, is not expressed in the
permanent portion of the follicle after it is established
during embryogenesis and early postnatal develop-
ment. In adult ShhGFPcre; R26R mice, the definitive fol-
licles remain labeled (Figure 4). This confirms that the
majority of follicular stem cells were effectively labeled,
whether they reside in the follicles that are completely
labeled at p18 or those that harbor some unlabeledFigure 4. The Stem Cells of the Follicular Bulge Do Not Normally
Contribute to the Interfollicular Epidermis
(A–E) b-galactosidase activity (blue) in ShhGFPcre;R26R skin from
mice at (A) 6 months and (B–E) 18 months of age. (A) At 6 months,
several hair cycles have occurred. The follicles remain labeled, con-
firming the effective labeling of follicular stem cells. The epidermis,
counterstained with keratin 1 to identify the suprabasal layer, is un-
labeled. No blue cells are observed in the basal layer, immediately
beneath the layer stained with K1. Note that the interfollicular epider-
mis has expanded considerably with age (compare to Figure 3B)
without the contribution of cells from the follicular bulge. (B) The epi-
dermis remains unlabeled, while the follicles are blue in mice near
the end of a normal lifespan. (C) Sections costained with K14 confirm
that the follicles remain labeled, while the epidermis is unlabeled.
While the definitive follicle below the sebaceous gland is consis-
tently labeled, the infundibulum of some follicles is only partially la-
beled (arrowhead). The bulge region (bracket) and arrector pili mus-
cle (arrow) of this telogen-stage follicle are indicated. (D) More lightly
stained samples confirm complete labeling of the definitive follicle.
In this sample, the infundibulum and the sebaceous gland are par-
tially labeled. (E) Whole-mount view of ShhGFPcre;R26R skin har-
vested at 18 months.
(F and G) High- and low-magnification views of sections from
k14cre; R26R skin counterstained with keratin 14 (brown) confirm
the ability to detect b-galactosidase activity (blue) in all keratino-
cytes of the skin.
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label was not detected at p18 were in fact a significant
fraction of follicular stem cells, the proportion of unla-
beled or partially labeled follicles should have increased
dramatically with age, as these cells were drawn upon to
reconstitute the follicular epithelium. In adults, complete
labeling of the bulge region is observed in 72% of the fol-
licle sections and 63% of the follicles in which serial
analysis was performed (Table S1). The modest drop
in the prevalence of follicles with completely labeled
bulges is likely explained by the fact that the reliability
of the reporter system is modestly reduced at this stage.
Only 88% of the k14cre follicles were scored as com-
pletely labeled in serial section analysis (Table S1). How-
ever, as observed at p18, the remaining follicles in
ShhGFPcre;R26R skin are comprised predominantly of
labeled cells with sporadic unlabeled cells. The appear-
ance of unlabeled follicles expected if the unlabeled cells
were stem cells was not observed. The cycling portions
of anagen follicles are also labeled in adult ShhGFPcre
mice (Figure S1). However, the expression of Shh in the
regenerating bulb of the anagen follicle precludes any
conclusion about whether this is a reflection of the acti-
vation of the reporter in the stem cell when it was estab-
lished, or a subsequent activation in its differentiating
progeny in the cycling portion of the follicle. In contrast,
the persistent labeling of the telogen bulge in the ab-
sence of Shh expression, even at a year and a half of
age, confirms that the majority of stem cells responsible
for maintaining the follicle had activated the reporter
during follicular neogenesis (Figure 4 and Table S1). De-
spite this fact, essentially no labeling of interfollicular
epidermis is observed. Note that there is substantial en-
largement of the interfollicular epidermis as the animal
grows, presumably placing significant demand on the
stem cells that generate and regenerate this compart-
ment (compare Figures 3 and 4). Viewed in whole mount,
interfollicular epidermis remains white, while the follicles
and epidermis at the mouth of the follicle are stained
blue (Figure 4E). The blue cells observed at the mouth
of the follicle were localized predominantly to the supra-
basal layers. The basal layer of the epidermis, identified
by keratin 14 expression, was largely unlabeled (Figures
4B, 4C, and 4D). The infundibulum was variably labeled
(Figures 4C and 4D and Table S2), confirming previous
conclusions that distinct stem cells can repopulate this
and other compartments of the follicle (Ghazizadeh
and Taichman, 2001; Kopan et al., 2002) and further sug-
gesting that these may be derived from either the follicle
itself or from interfollicular epidermis. There is a general
increase in the frequency of fully unlabeled infundibulum
in the adult at the expense of partially labeled infundib-
ulum that would be expected if unlabeled stem cells
contribute to this segment of the hair follicle (Table S2).
Staining of k14cre;R26R skin confirmed the ability to de-
tect b-galactosidase throughout the epidermis when
present (Figures 4F and 4G and Table S1).
Previous reports have demonstrated that the epider-
mis could be regenerated by cells from the follicle after
wounding.Thisexperimental model is ill-suitedtoaddress
this point, as it is formally possible that ShhGFPcre
expression is activated during the wound-healing re-
sponse. Nevertheless, the consequences of wounding
are consistent with previous findings. After wounding,the regenerated epidermis contains many labeled cells
(Figure S2A). However, a significant fraction of the cells
in the regenerated epidermis are unlabeled (Figures
S2B–S2D). The fact that ShhGFPcre is not expressed at
levels adequate for reporter activation in many cells of
the regenerating epidermis suggests that reporter exci-
sion does not occur during wound healing and that the
labeled cells are derived from the follicle. Thus, while
cells of the hair follicle may be reprogrammed to gener-
ate epidermis as a consequence of trauma, this reflects
a modification of their normal fate in the undisturbed
state. Furthermore, the presence of unlabeled cells in
the regenerated skin of these full-thickness wounds sug-
gests that cells resident in the epidermis can reconstitute
the skin and contribute to the epidermal stem cell pool.
Discussion
Three conclusions can be drawn from this lineage anal-
ysis. First, the cells expressing Shh in the initial stages of
follicle induction establish a lineage distinction between
the presumptive follicular epithelium and the surround-
ing basal epidermis. In many tissues, Shh-expressing
cells are thought to exert organizing activity that directs
adjacent cells to form complex structures. While we do
not exclude the strong possibility that the persistent ex-
pression of Shh in a subset of the follicular epithelium
has an organizing effect on surrounding keratinocytes,
it is predominantly those keratinocytes that are the lineal
descendents of the Shh-expressing epidermal placode
that participates in follicle formation. Furthermore, la-
beled cells are restricted to the follicle. Once induced
to form the epidermal placode, these cells and their de-
scendents do not contribute to the basal epidermis. In
this analysis, occasional unlabeled cells were observed
in the upper reaches of the follicle that have not acti-
vated the cre-dependent reporter. These may represent
cells from outside the placode that have been recruited
to upper follicular fates. The alternative explanation is
that they too are derived from cells that expressed Shh
in the placode; however, the Shh gene is only transiently
active at such low levels in these cells at the periphery of
the placode that the modestly active GFPcre fusion fails
to activate the reporter in some of them. In support of
this interpretation, increasing the dose of the reporter
gene leads to more consistent labeling of this popula-
tion, as would be expected if limiting cre activity leads
to stochastic excision. As a significant number of fol-
licles show complete labeling, and are therefore derived
entirely from Shh-expressing cells, we favor the inter-
pretation that a rigid lineage distinction between follicu-
lar and interfollicular cells is established at the placode
stage.
The second conclusion is that the stem cells of the fol-
licular bulge, specialized keratinocytes that regenerate
the lower follicle during each new hair cycle, are derived
in situ from the follicular epithelium. In the unlikely event
that they are recruited from a distinct source, they are
derived from cells that once expressed Shh. This finding
is consistent with the observation that cells bearing the
characteristics of the follicular stem cells can be formed
from adjacent keratinocytes after depilation-induced in-
jury to the bulge keratinocytes (Ito et al., 2002).
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proach to trace cell lineages in the skin and its appen-
dages is that there are a minimum of two distinct stem
cell populations that regenerate the epidermis and the
epithelia of the pilosebaceous unit, respectively. The
data also support the hypothesis that the sebaceous
gland and infundibulum are lineage compartments re-
generated by stem cells that are also distinct from those
that regenerate the lower hair follicle (Braun and Watt,
2004; Ghazizadeh and Taichman, 2001; Kopan et al.,
2002). While the stem cells of the follicular bulge have
the ability to regenerate the various epithelial cell types
of hairy skin after their environment is disrupted (Blan-
pain et al., 2004; Morris et al., 2004; Tumbar et al.,
2004), this is a diversion from their normal fate. The
fact that we cannot detect the lineage label in a few ker-
atinocytes in a subset of the follicles leaves open the
possibility that a dedicated epidermal stem cell resides
in the bulge region of a subset of follicles. Nevertheless,
the persistence of lineage label in the remaining epithe-
lium of the definitive follicle argues that these are not the
stem cells of the follicular epithelium, reinforcing the
conclusion that follicular and epidermal stem cells are
distinct entities. The majority of hair follicles do not har-
bor a cell that normally gives rise to epidermis, and it
seems most probable that if a dedicated epidermal
stem cell exists, it is resident in the epidermis. This ob-
servation has several important implications both for
the basic biology of skin and for therapeutic approaches
that target stem cells in the skin.
If the bulge stem cells were the multipotent progeni-
tors of all epithelial cell types in the skin, then consider-
able information must be imparted to that cell upon its
activation. Instructive or selective signals would be re-
quired to direct the migration and differentiation of the
stem cell or its immediate progeny to repopulate the cy-
cling follicle, sebaceous gland, or epidermis as needed.
However, we have shown that the stem cells of the de-
finitive follicle and epidermis normally have distinct and
restricted potentials. As such, a signal to activate the
stem cell and allow it to execute its intrinsic potential
is formally sufficient to initiate appropriate regeneration.
From an applied biology perspective, cutaneous stem
cells are an important target for both pharmaceutical
and gene therapeutic approaches to managing skin dis-
ease and other disorders. However, ‘‘the cutaneous
stem cell’’ is in fact a number of distinct populations
that regenerate specific structures. This work demon-
strates that the epidermal stem cell population is spa-
tially distinct from the follicular stem cell. Although we
cannot identify the epidermal stem cell by this method,
the fact that it is resident in the epidermis also demon-
strates that it is intrinsically different from the stem cell
of the definitive follicle as well. An increasing array of
molecular markers distinguishes the follicular bulge cells
from the surrounding epithelium, and this molecular sig-
nature is not observed in the epidermis (Blanpain et al.,
2004; Morris et al., 2004; Tumbar et al., 2004). As many
therapeutic approaches do not involve the trauma that
can reprogram the fate of these cells, it should be possi-
ble to exploit the intrinsic differences of the distinct stem
cell populations that give rise to the epidermis, follicle,
or sebaceous gland to target specific compartments of
the integument.Experimental Procedures
Adult dorsal skin was shaved and harvested into PBS. The subcutis
was removed, and b-galactosidase activity was detected in whole
mount as described for periods ranging from 4 to 48 hr (Novak
et al., 2000) after a 15 min fixation in ice-cold 0.2% gluteraldehyde
in PBS. Samples were cryosectioned at 7 microns and were reacted
with keratin 1 (1:2000 dilution) or keratin 14 (1:10000 dilution) anti-
sera (Covance), followed by DAB detection (Vectastain ABC).
Some sections were counterstained with hematoxylin. In situ hybrid-
ization was performed as described (Morgan et al., 1998) by using
a probe to detect Shh transcripts corresponding to nt 519–1100 of
GenBankID BC063087. Scoring methods and sample details for
analysis of labeling in the follicle are provided in Tables S1 and S2.
Analysis of epidermal labeling was performed on the same sample
set, with between 1000 and 4000 basal epidermal cells scored per
section. The presence or absence of counterstains did not alter
the observed labeling frequency of epidermal basal cells.
Supplemental Data
Supplemental Data including detailed analysis of the frequency with
which cells in different regions of the follicle were labeled and figures
showing the contribution of labeled cells to all epithelial components
of the anagen follicle and to wound epidermis are available at http://
www.developmentalcell.com/cgi/content/full/9/6/855/DC1/.
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